ABSTRACT. Ubiquitin C-terminal hydrolase L1 is a component of the ubiquitin proteasome system, which evidences unique biological activities. In this study, we report the pattern of UCH-L1 expression, and show that it regulates bone mineralization in osteogenesis. UCH-L1 was expressed in osteoblasts, osteoclasts, and hematopoietic precursor cells of bone marrow in the metaphysis and diaphysis of the femora. To further assess the involvement of UCH-L1 in the regulation of bone mineralization, we evaluated the bone mineral density (BMD) rate of gad mice, using the Latheta computed tomography system. Male gad mice evidenced a significantly decreased BMD rate in the metaphysis and diaphysis of the femora. These findings of decreased BMD rate in the bones of gad mice may suggest that UCH-L1 function regulates bone mineralization during osteogenesis. KEY WORDS: bone mineral density (BMD), gad mouse, UCH-L1.
Bone is a unique mineralized tissue, which is comprised of several cell types [4] . Bone formation is regulated by growth factors that are expressed by bone cells, incorporated into bone matrix, and released in active form when the bone resorbs [2] . However, the precise molecular mechanisms by which bone formation is controlled or how this process can be manipulated remain incompletely understood.
Ubiquitin and ubiquitin-dependent proteolysis have been recognized as the principal intracellular mechanisms underlying degradation, and modulate the turnover of various classes of short-lived signaling proteins [13] . Consequently, ubiquitination can regulate the expression of important genes, including cell cycle regulators and transcription factors [2] . Ubiquitin C-terminal hydrolase L1 (UCH-L1), a deubiquitinating enzyme, evidences a variety of functions [3] , including ubiquitin ligase activity [5] , and affinity for ubiquitin, and ensures its stability within neurons in vivo [8] . We previously showed that gracile axonal dystrophy (gad) mice, which lack UCH-L1 expression, evidence reduced levels of ubiquitin and are resistant to apoptotic injury in vivo [3] . Until now, no reports have been available regarding the expression of UCH-L1 in osteogenesis. In this study, our data indicate that the deficiency of UCH-L1 reduces bone mineralization in vivo, and UCH-L1 may perform a crucial function in bone mineralization, via the ubiquitin-proteasome system (UPS).
We utilized gad mice at 6 weeks of age. The gad mouse is an autosomal recessive mutant, which was obtained via the crossing of CBA and RFM mice [3] . The gad mice are known to have a deletion within the gene encoding Uchl1 and show hereditary sensory deterioration and motor paresis [8] . All animal experiments were approved by the Animal Investigation Committee of the National Institute of Neuroscience, National Center of Neurology and Psychiatry. Mouse femora were fixed with 4% paraformaldehyde and decalcified in Morse's solution (10% sodium citrate and 22.5% formic acid) [12] . After decalcification, the femurs were embedded in paraffin wax and sectioned at a thickness of 4 µm. The immunohistochemistry for UCH-L1 (1:1,000; peptide antibody [3] or preabsorbed UCH-L1 antibody) and ubiquitin (1:500; DakoCytomation, Denmark) was carried out by the Kwon procedure [4] . Bone mineral density (BMD) was determined between the proximal and distal epiphysis of the left femora ( Fig. 2A) . After muscle removal, the left hind leg skeletons (femora) of the gad and wild-type mice (n=5-6 for each group) were scanned using a Latheta (LCT-100M) experimental animal CT system (Aloka, Tokyo, Japan). Contiguous 2-mm slice images were utilized for quantitative assessments using LaTheta software (version 1.00). All data were expressed as the means ± SD and the statistical significance of the differences in the values was evaluated via Student's t test.
Immunohistochemical analysis revealed the expression of UCH-L1 in both the metaphyseal and diaphyseal regions of the femora from wild-type mice and gad mice (Fig. 1A) . The metaphyseal region is referred to as the cartilaginous growth plate, which is responsible for growth in the length of the bones, and the diaphysis is composed of compact bone and bone marrow in the inner cavity. The expression of UCH-L1 in wild-type mice was observed in osteoblasts, osteoclasts, and hematopoietic precursor cells, including megakaryocytes, myelocytes, etc, but this was not observed in the osteocytes. Osteoblasts and osteoclasts form the characteristic microstructures of cortical or spongy bone tissue. The osteoblasts are the cells responsible for the active formation and mineralization of the bone matrix. In addition, the osteoblasts generate a variety of growth factors, includ-* CORRESPONDENCE TO: KWON, J., Department of Laboratory Animal Medicine, College of Veterinary Medicine, Chonbuk National University, 664-14, Duckjin-Dong, Jeonju, 561-156, Korea. e-mail: jkwon@chonbuk.ac.kr ing fibroblast growth factor, insulin-like growth factor, platelet-derived growth factor, and Transforming growth factor (TGF)-β. As was previously demonstrated [3] , no UCH-L1 immunoreactivity was detected in the osteogenic cells of gad mice (Fig. 1A, below) . Figure 1B shows the distribution of ubiquitin in both the metaphyseal and diaphyseal regions of the femora from wild-type mice. Ubiquitin expression was consistent with UCH-L1 in the osteoblast, osteoclast, and hematopoietic precursor cells. BMD is a major risk factor for osteoporosis [6] . The differences in BMD are tightly associated with sex and age [10] . Therefore, in an effort to determine whether the function of UCH-L1 in bone mineralization in vivo is associated with sex, we assessed the BMD of femora in sex-matched male and female wild-type and gad mice (Fig. 2) . The lengths of the trunks and long bones of gad mice were similar to those of the wild-type mice littermates (e.g., long bone (mm); wild-type 20.7 ± 0.2, gad 20.6 ± 0.1). The mean BMD of the cortical and spongy bone of femora was reduced significantly in the gad mice as compared with the wild-type mice (Fig. 2B, C) . However, these reductions were observed principally in the spongy bone of the gad male mice. As is shown in Fig. 2 , gad female mice evidenced less profound alterations in the BMD rate.
UCH-L1 is expressed at high levels in neuronal tissues, the testes, and the ovary, and may perform a modulatory role in intracellular proteolysis [3, 11] . Recent studies have shown that UCH-L1 associates with ubiquitin and prevents ubiquitin degradation [8] . Furthermore, testes from gad mice and mice expressing the mutant K48R ubiquitin indicate that ubiquitin is crucial to the modulation of testicular germ cell death [3, 9] . We showed that a UCH-L1 deficiency in mice results in reduced bone mineralization (Fig.  2) . The bones of gad mice evidenced a lower BMD rate than was observed in their age and sex-matched wild-type mice. We also demonstrated UCH-L1 expression in osteoblasts, osteoclasts, and hematopoietic precursor cells of bone marrow (Fig. 1) . The pattern of UCH-L1 immunoreactivity suggests that UCH-L1 may be associated with osteogenic cell differentiation during osteogenesis.
UPS plays an essential role in a variety of physiological events, including cell-cycle progression, specific gene transcription, and intracellular signaling [3] . The role of UPS in osteogenesis remains poorly understood. Several molecules known to be involved in bone metabolism, including parathyroid hormone (PTH), bone morphogenetic protein (BMP) 2, TGF-β, Runx family, and Smurf1, are closely associated with UPS [1, 10, 14] . With regard to osteogenesis, a dynamic equilibrium between protein synthesis and degradation appears to be required for the proliferation and differentiation of osteogenic cells. Much is known regarding the transcriptional activation of bone-specific protein synthesis in differentiating osteoblasts [7] . Our results with gad mice indicate that UCH-L1 and ubiquitin induction in osteoblastic cells may have a function on the regulation of osteogenesis. Additional research will be required to eluci- date the functional significance of UCH-L1 in bone mineralization. Our observations indicate that UCH-L1 may function in the regulation of bone mineralization and the maintenance of osteogenic differentiation. In this study, for the first time, UCH-L1 was shown to be expressed in osteogenic cells and UCH-L1 deficiency gad mice were shown to evidence a reduced BMD rate in the femora. Our results provide us with greater insight into the role of UPS in the regulation of osteogenesis and bone mineralization.
